Because of their low detection limits, PCR and the adapted kinetic (real-time quantitative) PCR have been used extensively for the detection and quantification of nucleic acids (1) (2) (3) . However, at the detection limits of an assay, mathematical models (4 -6 ) and experimental evidence (7-12 ) have shown that nucleic acids are detected inconsistently and quantified imprecisely. With this potential unreliability, it is essential that indicators be used to identify the concentration at which analysis is occurring to ensure the accuracy of results. Conventional PCR indicators, however, currently provide only an indirect assessment of the concentration at which analysis occurs. The total nucleic acid content of a sample, commonly used to define the adequacy of sample loading, does not precisely reflect specific gene concentrations. Reference (control or housekeeping) genes, qualitative detection of which is often used to validate assay and sample integrity, are often present at concentrations different from those of the target genes of interest (13 ). In kinetic PCR, the inclusion of fluorescent probes allows the monitoring of reaction kinetics, which enables the measurement of a crossing point (CP), or cycle threshold, at a partial cycle number at which fluorescence becomes detectable above background signal (14 ) . CP values are linearly proportional to gene copy number in an inverse logarithmic relationship (14, 15 ), and this correlation is central to algorithms for determining gene quantity (16, 17 ) . In this study, we hypothesized that CP values might be more accurate indicators of the reliability of an analysis than conventional indicators because of their direct relationship with gene concentration. The results of this study provide experimental evidence to support this hypothesis; we also describe models for use of CP values as indicators for assessing the reliability of analysis.
Because of their low detection limits, PCR and the adapted kinetic (real-time quantitative) PCR have been used extensively for the detection and quantification of nucleic acids (1) (2) (3) . However, at the detection limits of an assay, mathematical models (4 -6 ) and experimental evidence (7) (8) (9) (10) (11) (12) have shown that nucleic acids are detected inconsistently and quantified imprecisely. With this potential unreliability, it is essential that indicators be used to identify the concentration at which analysis is occurring to ensure the accuracy of results. Conventional PCR indicators, however, currently provide only an indirect assessment of the concentration at which analysis occurs. The total nucleic acid content of a sample, commonly used to define the adequacy of sample loading, does not precisely reflect specific gene concentrations. Reference (control or housekeeping) genes, qualitative detection of which is often used to validate assay and sample integrity, are often present at concentrations different from those of the target genes of interest (13 ) . In kinetic PCR, the inclusion of fluorescent probes allows the monitoring of reaction kinetics, which enables the measurement of a crossing point (CP), or cycle threshold, at a partial cycle number at which fluorescence becomes detectable above background signal (14 ) . CP values are linearly proportional to gene copy number in an inverse logarithmic relationship (14, 15 ) , and this correlation is central to algorithms for determining gene quantity (16, 17 ) . In this study, we hypothesized that CP values might be more accurate indicators of the reliability of an analysis than conventional indicators because of their direct relationship with gene concentration. The results of this study provide experimental evidence to support this hypothesis; we also describe models for use of CP values as indicators for assessing the reliability of analysis.
To test our hypothesis, we simulated the analysis of low concentrations of the putative colorectal micrometastasis marker cytokeratin 20 (CK20) (16 ) and the reference genes porphobilinogen deaminase (PBGD) and ␤ 2 -microglobulin (␤2M) and compared the capabilities of conventional indicators (total nucleic acid content and qualitative reference gene detection) and CP values to identify samples with unreliable analysis.
We prepared, by serial dilution, four sample series comprising 10 000, 1000, 100, 10, and 1 plasmid DNA copy for CK20, PBGD, and ␤2M (16 ) and 20 000, 2000, 200, 20, and 2 pg of SK29-Mel-1 RNA (18 ) . Five replicates of each concentration were analyzed for CK20, PBGD, and ␤2M by kinetic reverse transcription-PCR on the LightCycler instrument according to the protocol in the LightCycler CK20 Quantification Kit (cat. no. 3118835). A reverse transcription reaction was performed for each SK29-Mel-1 RNA replicate, amounting to 25 reverse transcription reactions. The plasmid DNA and SK29-Mel-1 cDNA series for each gene were analyzed in separate PCR runs, amounting to six individual runs of 25 samples each. Detection mixtures for CK20 and PBGD were obtained from the LightCycler CK20 Quantification Kit, and the detection mixture for ␤2M was obtained from the LightCycler ␤2M Housekeeping Gene Set (cat. no. 3146081). CP values were determined by the LightCycler Analysis Software (Ver. 3.5), using the data-driven second-derivative maximum function. All reagents and instruments were from Roche Diagnostics unless otherwise specified.
The replicate detection frequency, mean CP values, and their SDs for each gene in each sample are provided in the Data Supplement that accompanies the online version of this Technical Brief (http://www.clinchem.org/content/ vol49/issue6/). In accordance with previous findings (7) (8) (9) (10) (11) (12) , in samples with high concentrations, gene detection was consistent, with high CP reproducibility and linearity (R 2 Ͼ0.999) between concentrations and CP values, whereas in those with low concentrations, genes were detected inconsistently or not detected, CP reproducibility was decreased, and linearity was lost.
When we assessed analysis reliability, using conventional indicators, there was little correlation between the occurrence of an unreliable analysis and the sample nucleic acid content or among the three genes. Detection was inconsistent or absent in samples containing 200, 20, or 2 pg of CK20 RNA and samples containing 2 pg of PBGD RNA, whereas ␤2M was detected consistently in all samples. With increasing dilution, CP reproducibility markedly decreased for CK20, PBGD, and ␤2M in samples containing 2000, 20, and 2 pg of RNA, respectively. Linearity was lost (R 2 Ͻ0.999) in the same samples in which RNA was inconsistently detected, i.e., samples containing 200 and 2 pg for CK20 and PBGD, respectively. Hence, for this samples series, nucleic acid content or qualitative reference gene detection provided a poor indication of the reliability of detection and quantification. The correlation between the occurrence of unreliable analysis and copy numbers among the genes was better. Inconsistent detection and loss of linearity occurred in samples with single copies of CK20 and PBGD. Reduced CP reproducibility occurred in samples with 10 copies for all three genes, highlighting that the inadequacy of conventional indicators was likely attributable to their lack of direct correlation with specific gene quantities.
Assessing CP values as potential indicators showed that inconsistent detection (Fig. 1A) , poor CP reproducibility (Fig. 1B) , and loss of linearity between CP values and concentration (Fig. 1C) occurred within specific ranges of CP values. Importantly, these correlations were independent of the gene or the nucleic acid type being analyzed, suggesting that CP values could be useful indicators for reliability of analysis of other genes and samples of unknown concentration.
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To define models for the use of CP values as indicators, we considered that four zones of PCR reliability indicating consistent detection with high CP reproducibility (white zone), poor CP reproducibility (gray1), inconsistent detection and loss of linearity (gray2), and unlikely detection (black) could be mapped from the coincidence of the different types of PCR reliability with CP values. Using the lowest mean CP value for poor CP reproducibility, we defined the white/gray1 boundary at CP 33.06. We chose the CP value of 37.01, corresponding to the first observation of inconsistent detection, as the gray1/gray2 boundary and the theoretical CP value at which CK20 in 20 pg of RNA should have been detected to indicate the gray2/black boundary. Extrapolating the CP difference of 3.73 between the mean CP values for 20 000 and 2000 pg of CK20 RNA, we determined that detection of CK20 in 20 pg of RNA should have occurred around CP 42.80 [31.61 ϩ (3.73 ϫ 3)]. Thus, using this model, we could determine the reliability of detection or quantification of a test sample by its CP value and its corresponding zone.
Apart from defining the reliability of a result, indicators also identify the adequacy of samples to provide a reliable result, particularly when detection is likely to be inconsistent. To define a model for this, we observed that the difference in CP values between two genes (⌬CP) remained relatively constant, independent of sample con- centration (Fig. 1C) , although this was valid only for reliably analyzed samples. We surmised that addition of a reference gene CP to an expected ⌬CP(target Ϫ reference) would enable the CP of the target gene, and hence its reliability of analysis from its detection zone, to be estimated. At a ⌬CP(CK20 Ϫ ␤2M) of 11.88, based on the analysis of 20 000 pg of RNA, this model accurately predicted the reliability of CK20 detection for each respective ␤2M CP and sample concentration (Table 1) . Using this model, we could thus determine the likely adequacy of a sample to provide reliable analysis for a given target gene from the CP for a reference gene and knowledge of an expected ⌬CP(target Ϫ reference).
For the purposes of brevity and clarity, we have used a selected sample series to demonstrate the concepts of this study. In exploring the wider application of our models, we have observed similar trends with other genes, sample sources, and detection formats (TaqMan probes), using the same assay system (results not shown). However, analyses on other assay systems and instruments have indicated that these systems differ in their detection limits and hence the positioning of the zonal CP boundaries. Nevertheless, the concept of zones of reliability and the capabilities of CP values to indicate these zones remained. These results have suggested a wider application for our models, but they also indicate that with different assay systems, preliminary determination of the boundaries is required. This would require only analysis of a replicated sample series serially diluted to the assay detection limit, similar to that of this study.
An important element of our models is the derivation of an expected ⌬CP(target Ϫ reference). Our experience indicates that this value can be determined with use of cell lines or pilot samples representative of the samples to be analyzed at a high concentration (results not shown). Alternatively, it could be determined mathematically. In this context, using boundaries defined in this study and assuming ideal product doubling with each PCR cycle, a ⌬CP(target Ϫ reference) of 4 would make it conditional for samples to have reference gene CP values Ͻ29.07 (33.06 Ϫ 4) to ensure that a 16-fold (2 4 ) difference between two genes is quantified reliably. However, it is also important to recognize that the constancy of ⌬CP(target Ϫ reference) is dependent on similarities in the PCR efficiencies between two genes. Using methods described previously (16 ), we determined that the efficiencies of the CK20, PBGD, and ␤2M PCRs for RNA samples in the linear range were 93%, 100%, and 98%, respectively. By linear regression analysis, these efficiencies were not significantly different from each other, suggesting that constancy of ⌬CP(target Ϫ reference) for a given sample type could be assumed. Clearly however, depending on the predictive precision required, it may be prudent to ensure equivalence in efficiency before making this assumption.
In summary, lack of reproducibility among laboratories and lack of adequate guidelines for assay standardization (11, 19 -21 ) continue to hinder the clinical application of many new assays. One problem has been that, with the improved detection limits and dynamic ranges of assays, there has been little revision of the indicators used (22 ) . This study demonstrates that CP values may provide an assessment of PCR reliability that is superior to conventional indicators, and we devised models for their implementation. Because CP values and ⌬CP(target Ϫ reference) are already integral elements in kinetic PCR quantification (16, 17 ) , use of these parameters provides direct and quantitative indicators that require no additional preparation. These measures potentially provide for more intuitive selection of samples and interpretation of results, but this promise awaits further validation and application in future studies. a Estimated CK20 CP ϭ ␤2M CP ϩ 11.88 [⌬CP(CK20 Ϫ ␤2M) for 20 000 pg of SK29-Mel-1]. The expected feature was determined from the PCR reliability zones defined in Fig. 1. b ND, not determinable.
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